Abstract Technological innovations have driven the advancement of the surgical treatment of movement disorders, from the invention of the stereotactic frame to the adaptation of deep brain stimulation (DBS). Along these lines, this review will describe recent advances in inserting neuromodulation modalities, including DBS, to the target, and in the delivery of therapy at the target. Recent radiological advances are altering the way that DBS leads are targeted and inserted, by refining the ability to visualize the subcortical targets using high-field strength magnetic resonance imaging and other innovations, such as diffusion tensor imaging, and the development of novel targeting devices enabling purely anatomical implantations without the need for neurophysiological monitoring. New portable computed tomography scanners also are facilitating lead implantation without monitoring, as well as improving radiological verification of DBS lead location. Advances in neurophysiological mapping include efforts to develop automatic target verification algorithms, and probabilistic maps to guide target selection. The delivery of therapy at the target is being improved by the development of the next generation of internal pulse generators (IPGs). These include constant current devices that mitigate the variability introduced by impedance changes of the stimulated tissue and, in the near future, devices that deliver novel stimulation patterns with improved efficiency. Closed-loop adaptive IPGs are being tested, which may tailor stimulation to ongoing changes in the nervous system, reflected in biomarkers continuously recorded by the devices. Finer-grained DBS leads, in conjunction with new IPGs and advanced programming tools, may offer improved outcomes via current steering algorithms. Finally, even thermocoagulation-essentially replaced by DBS -is being advanced by new minimally-invasive approaches that may improve this therapy for selected patients in whom it may be preferred. Functional neurosurgery has a history of being driven by technological innovation, a tradition that continues into its future.
Introduction
The surgical treatment of movement disorders has always relied on technological advances, the most enabling of which was the stereotactic frame [1, 2] . Other particularly notable innovations included devices for thermo-and cryoablation; refinements in stereotactic frames by Leksell, and Brown, Cosman, Roberts, and Wells amongst others; Leksell's Gamma Knife (developed specifically for functional neurosurgery); computed tomography (CT) and magnetic resonance imaging (MRI) scans; cellular recording devices; and, of course, deep brain stimulation (DBS). All of these innovations, and those discussed herein, reflect the symbiosis of advances in technology to visualize a target in the brain that cannot be directly seen, and then to "touch" it (i.e., stereotaxis) therapeutically. Such will be the organization of this review: we will discuss advances in image-guided targeting of subcortical regions, followed by advances in the technology of therapeutics for movement disorders. Most of the discussion will relate to DBS, which remains the mainstay of the treatment of movement disorders as it has for nearly two decades, although new technology for thermocoagulation will also be discussed. Although other approaches to neuromodulation continue to vie for a role (e.g., gene/cell therapy), none have advanced sufficiently in humans to be considered an established treatment, and will not be covered.
Advances in DBS Lead Targeting and Implantation

Advances in MRI Definition of the Target
While intraoperative mapping and clinical responses have been the "standard" for targeting, advances in imaging inexorably have led, and will further lead, to better preoperative identification of the targets and shortened mapping procedures and-we believe-will ultimately largely replace mapping in the awake patient in the next decade. Not only have sequences been better refined for the 1.5 Tesla (T) MRI scanner over the years, but now 3.0 T scanners are ubiquitous, in the developed world at least, and new advances have been made in defining targets on these scanners. For example, Kerl et al. [3] compared several popular sequences, using standard installations, showing better definition of the subthalamic nucleus (STN) on the T2*-FLASH2D sequence (coronal), and also of the globus pallidus internus (GPi) with the same sequence (axial) [4] . A more recent advance is quantitative susceptibility mapping, based on the susceptibility induced by iron in the basal ganglia, which very clearly displays both GPi and STN compared with standard images (Fig. 1) [5•] . These advances will aid direct targeting of these structures, especially important in purely anatomically-based procedures. Even the thalamus, the subdivisions of which are indistinguishable on standard MRI (even 3.0 T), has been parcellated by new techniques to reveal the ventralis intermedius (Vim) nucleus, but visualization in the individual patient has been much less robust [6] .
Abosch et al. [7•, 8] demonstrated improved definition of the STN and GPi on high field strength (7 T) MRI in humans due to increases in signal-to-noise ratio, amongst other advantages. Their work also suggests potential for visualization of some of the thalamic parcellations, including the Vim, in individual patients. A major concern with 7 T MRI, however, is the greater tissue distortion and susceptibility to artifacts at high field strength. This issue was addressed by Duchin et al. [9] , who demonstrated that it is feasible to obtain precise (1 voxel) co-registration between 1.5 T and 7 T image sets in the diencephalon/midbrain region (but not more peripherally), where DBS leads are implanted.
Diffusion Tensor Imaging and DBS
It is now almost universally accepted that electrical stimulation preferentially activates efferent axonal fibers and that, in many instances, axon fiber tracts comprise the neural elements that mediate the effects of DBS (reviewed in [10] and [11] ). Diffusion tensor imaging (DTI) has been used to demonstrate the proximity of effectively implanted DBS leads to these white matter tracts. In DBS of the STN, contacts in the dorsolateral region are most effective. In this location, the electric field established around the contact [volume of tissue activated (VTA)] is in position to activate both STN projection axons and the fibers of the lenticular fasciculus (a portion of the internal pallidal fibers projecting to the ventral thalamus), as shown in macaque monkeys by overlaying realistic computational models that predict VTA upon a brain atlas and DTI [12] . This approach has recently been used to create a "probabilistic stimulation atlas" that may, in the future, help to guide optimal DBS implantations [13] .
Similarly, effective Vim DBS was shown to correlate with proximity of the effective contact to the dentatorubrothalamic tract entering the ventral lateral thalamus [14] , and ineffective stimulation resulted from an electrode that missed this DTIdetermined tract [11] . These findings are consistent with growing appreciation that better tremor results occur with implantation in regions that contain the cerebello-thalamic afferents, such as the caudal zona incerta (ZI), also known as the posterior subthalamic area [15] . In fact, DTI has advanced to the point that deterministic tract tracing may be utilized in individual patients to target fiber tracts, such as the DTR, in the absence of intraoperative mapping or testing [16] . Another useful approach is to identify the fiber pathways surrounding target nuclear structures, and thus constrain and thereby identify the target itself, as was retrospectively done in four patients who had undergone STN or GPi DBS [17] .
Another way in which DTI will allow better targeting is by using projection regions to define anatomical subregions of potential DBS targets, i.e., by defining the "connectome" of the subcortical target [11] , as has been done with the human thalamus to define Vim, for example [6] . A note of caution with this technique is raised, however, by disparities in the parcellation thus derived compared with that from T1/T2 maps, which is based on tissue characteristics (in the same patient group) [6] . Fiber connectivity should, indeed, not be expected to precisely mirror anatomical boundaries in all cases. The connectome of the most effective Vim DBS electrode contact has also been analyzed. Whereas one report of 12 patients showed, as expected, higher connectivity to the primary motor cortex, another report of six patients showed, surprisingly, higher connectivity to the premotor cortex [18] .
The three subregions of the STN (limbic, associative, motor) were also identified by probabilistic DTI originating from the associated projection regions [19] . This approach may allow better MRI-based targeting of the STN and potentially obviate microelectrode recording, but remains to be accomplished in an individual patient. However, high field strength MRI does allow the delineation of functional and anatomical connections, including of the basal ganglia and thalamus, in individual human patients [8] , but is only available as a research tool in a few centers, and has yet to be used prospectively for a DBS implantation.
We have used a probabilistic approach to map the frontal and subcortical projection regions in our effective DBS contacts in the subgenual cingulate region for depression [20] , but, more recently, have been using deterministic DTI of those projections for targeting in individual patients (Fig. 2) [20, 21] .
DBS Implantation in the Interventional/Intraoperative MRI Scanner
The ability to directly and reliably identify DBS targets in the MRI has been inexorably leading to direct targeting, without neurophysiological or clinical feedback, and, in turn, to completing the entire implantation within the MRI environment. This approach offers the advantages of (1) targeting, following the making of the burr hole and durotomy, after most or all of the brain shift has occurred; (2) elimination of microelectrode recording (MER) and, therefore, in some instances, requiring fewer brain penetrations; (3) three-dimensional (3D) anatomical radiologic control of DBS position prior to closure, when the electrode can be repositioned if necessary; (4) performing the procedure under general anesthesia, which is better tolerated by patients; (5) potentially shorter procedure times; and (6) real-time monitoring for hemorrhagic complications [22] . The initial approach involved adaptation of a skull-mounted platform, originally designed for frameless implantation with optical tracking, for the MRI environment (NexFrame® MR, Medtronic) [ [24] . Targeting experiments in cadavers showed improved accuracy compared with the NexFrame MR. In addition, MRI-based targeting is easily and advantageously adapted for use in future applications such as gene- [25] and cell-based [26] approaches.
We have found the ClearPoint MRI approach to be very effective, particularly in GPi DBS implantations (Fig. 3) . GPi is larger than STN and more difficult to map in the operating room, requiring, in our experience, a greater number of microelectrode passes. Moreover, for dystonia patients in particular, frame-based approaches can be problematic, general anesthesia is often required, and it is not possible to observe clinical benefits from stimulation intraoperatively. In contrast, GPi is relatively easier to see in the MRI than is STN, with our particular MRI scanner. Using the ClearPoint system, we have implanted 37 electrodes in 28 patients: 29 in GPi, six in STN and two in the centromedian/parafascicular nucleus. Bilateral DBS leads were implanted in one session in nine patients, and the remaining 19 patients underwent unilateral implantation, in whom seven leads were contralateral to a previously implanted lead. Five DBS leads were repositioned in the MRI scanner, and three were reimplantations of previously removed DBS leads. Sixteen patients had PD (15 GPi leads; six STN leads), 11 patients had dystonia (all GPi leads) and one patient had Tourette syndrome (bilateral centromedian/ parafascicular leads). In our early experience, post-operative lead locations and outcomes appear to be satisfactory.
In our view, the major advantage of performing the DBS procedure in the MRI scanner is immediate and definitive intraoperative radiological control for the lead implantation. ClearPoint can be used in the interventional MRI (i.e., the diagnostic scanner suite turned into an operating room) or in the operating room using the intraoperative MRI (e.g., IMRIS®). Another means for immediate intraoperative radiological control is the intraoperative CT (iCT) scanner, requiring the additional step of co-registration of the postimplantation iCT to the preoperative MRI scan [27] . The Oarm® (Medtronic, Minneapolis, MN, USA), which became available several years ago [28] , is a flat-panel, cone-beam CT unit that can perform both standard two-dimensional (2D)-fluoroscopy, as well as 3D-imaging. Although the image quality is less than traditional fan-beam CT, the bore is large enough to image the whole head and thus allow coregistration to other imaging sets such as preoperative MRI and/or traditional CT for 3D radiological intraoperative control (Fig. 4) . The most quantitative assessment of the accuracy of the O-arm was performed by Holloway and Docef [29•] , who used it in conjunction with the NexFrame. This modality is particularly useful in surgery with skull-mounted miniframes, where lack of a frame-based fiducial system precludes standard stereotactic 2D fluoroscopy. They found that the measurement accuracy for implanted objects was 0.72±0.38 mm comparing the O-arm with post-operative CT, demonstrating the adequacy of this tool for verification of DBS lead localization. Shahlaie et al. [30] found a 1.65-mm radial discrepancy between O-arm iCT and postoperative MRI location of the DBS leads, whereas Smith and Bakay [31] found a 1.5-mm discrepancy between the post-implant iCT and post-operative MRI. The latter two findings, being somewhat greater than that of Holloway and Docef [29•] , were perhaps due, in part, to the decreased accuracy of measuring DBS location on post-operative MRI compared with CT, resulting from larger DBS lead artifacts.
Holloway and Docef [29•] further demonstrated the usefulness of "real-time" 3D radiological feedback during microelectrode recording. They found that (1) the mean stereotactic error of the first microelectrode tracks was 2.12±1.04 mm, and that (2) the error of subsequent, ostensibly parallel, tracks was 1.12±0.74, ranging from 0.21 to 3.04 mm, with 22 % of tracks having an error of >1.8 mm. The authors felt that incorporating the 3D information on actual microelectrode track location aided in their interpretation. Similarly, Smith and Bakay [31] , using O-arm after each microelectrode repositioning with the NexFrame, noted several instances where the microelectrode did not move appropriately, possibly resulting from deflection or from the microelectrode going down the previous track.
It is interesting, as in these reports, to combine microelectrode recording with 3D radiological control. Smith and Bakay [31] found a 3-mm discrepancy between their initial radiological target (which, presumably, would be the final target in solely MRI-based procedures) and their final DBS location based on MER (they accepted the latter location even if it was discrepant with the "direct" target selected on iCT/preoperative MRI co-registration). Which was the right target? The authors had good clinical results, but without a large comparison study the answer is difficult to know. Others have instead relocated leads when they did not appear in good position on O-arm iCT. Patil [32] relocated two out of 13 leads, which were laterally misplaced, in eight patients, and Shahlaie et al. [30] repositioned one lead more laterally in 15 patients during frame-based DBS implantation.
A final advantage of the O-arm was shown by Holloway and Docef [29•] , who demonstrated that it could be used for bone fiducial registration used with the NexFrame as accurately as could preoperative CT scan, but with the advantage Adjustments of pitch/roll and X/Y movements are driven by gears (colored knobs). The entry is determined with respect to a fiducial grid (B, C), and the software determines the point on the grid through which to mark the bone (C). Iterative adjustments are made to the pitch/roll and X/Y using the controller (D) attached to the SMARTFrame, as determined by the software, to align the cannula with the target (E). After final alignment to submillimeter accuracy, an MRI-compatible (i.e., minimal artifact and approved for use in MRI) ceramic stylet is inserted to target through a peel-away catheter. After MRI confirmation of accurate targeting, the stylet is replaced with the DBS lead(s) (F), followed in some centers by a final MRI demonstrating accurate DBS lead position, and, finally, removal of the peel-away catheter of being able to implant the fiducials in the operating room and obviating the need to go back to the CT or MRI scanner.
Recently, a true (fan-beam) portable CT (Ceretom®) has been used for 3D lead verification, and will likely increase in popularity owing to its portability, size and lower price than the O-arm. Raslan et al. [33] reported in abstract form the results of using iCT with frameless (NexFrame) implantation, without MER, in 51 patients (102 electrodes) with a radial error of 1.5 mm from preoperative MRI.
Some form of 3D radiological control coupled with improved preoperative imaging promises to lead to a proliferation of cases performed solely with direct targeting, under anesthesia, replacing microelectrode mapping. Is one radiological technique better than another? The iMRI offers the advantage of "one image set for one patient on one day" (P. Larson, University of California, San Francisco, personal communication). However, the availability of iMRI for many centers will be challenging, especially given the opportunity cost of occupying the MRI scanner for surgical cases in lieu of diagnostic cases. In contrast, while the iCT requires image fusion to the preoperative MRI, it is an economical modality (<$600,000 depending on the particular instrument) and, moreover, can be combined for use both in the operating room and as a portable CT scan for diagnostic cases. We suspect that iCT will proliferate faster than will the iMRI.
Advances in Physiological Characterization of the DBS Target
Left unresolved, for the time being, is the question of which means of DBS targeting leads to better clinical outcomesneurophysiology/clinical monitoring or direct targeting with radiological control and no monitoring-an issue that is especially important given the apparent discrepancy between the two [31] . Recent technological advances have also been made in physiological identification of targets. Efforts have been made to automatically identify target regions during microelectrode mapping to remove "human error", potentially improving outcomes and improving efficiency. One approach has been the A, B) . The reference frame for "frameless" navigation is shown (light reflecting off fiducials) to the left of the NexFrame®, a skull-mounted targeting frame with microelectrode inserted (C). The Oarm allows both anterior-posterior (D) and lateral (E) radiography that can be co-registered to the preoperative magnetic resonance imaging (MRI) or CT, using the Stealth® Framelink® navigation workstation (Medtronic). This may be used to track the accuracy of microelectrode insertions, as shown, contributing to the interpretation of neurophysiological recordings. The O-arm also allows three-dimensional CT imaging (F, left), which can be co-registered to the preoperative imaging (F, right), that can be used for both post-implantation DBS location verification, as well as for bone fiducial registration, allowing the entire procedure (beyond the preoperative MRI scan) to be completed in the operating room. (Images courtesy of Kathryn Holloway, Medical College of Virginia) use of Hidden Markov Models (HMM) [34] [35] [36] , which infers unknown (hidden) structures (e.g., STN)-so-called 'states'-from some known quantities referable to those states (e.g., MER signals). Retrospectively using patient MER data, detection sensitivities have been in the 86-95 % range for detecting thalamus, ZI, STN, and substantia nigra reticulata (SNr), with recent refinements (semi-HMM) yielding >98 % accuracy, 99.5 % sensitivity, and 96.5 % specificity [34] . This approach has also been coupled to intraoperative neuronavigation [35] .
Another approach that has been used is "support vector machines", a supervised machine learning approach, to identify the target based on six mathematical features characterizing the MER signal [37] . During MER for PD, the support vector machine was able to correctly identify 99.4 % of neural recordings from the thalamus, ZI, STN, and SNr. It is, nevertheless, unclear whether these, and other, new approaches to physiological monitoring will improve effectiveness and/or safety of what is already a very well-established methodology [38] .
Advances in Implantable Pulse Generators and Programming
New Implantable Pulse Generators: Constant Current Stimulation
The approved pulse generators for DBS had, until recently, utilized only constant voltage. However, capacitative current is the determinant of downstream neuronal effects, whereby the current density acting across resistive elements in the tissue establishes an extracellular voltage gradient that alters neuronal excitability. In a constant voltage device, current is determined by impedance of the tissue and electrode-tissue interface, which, theoretically, can be temporally variable. Thus, a constant current device automatically accommodates for impedance changes and might thereby improve effectiveness or tolerability. However, exactly how tissue impedance varies temporally in patients is unknown. Lempka et al. [39] showed impedance increases over days after implantation of an appropriately scaled DBS electrode in rhesus macaques, which may accord with clinicians' preference to delay programming for up to a month following implantation when using constant voltage devices. Conversely, Sillay et al. [40] , examining impedances of the Responsive Neurostimulation System (RNS®; NeuroPace), saw little intra-but large inter-patient variability in a patient cohort over longer periods of time. Interestingly, Lempka et al. [41] also observed rapid (over~30 mins) decreases in impedance upon activation of stimulation, possibly via alteration of the electrode-tissue interface. Thus, it seems reasonable to posit that a constant current device would be useful in the short term for earlier programming initiation, and that it may decrease the time needed for programming by eliminating the effects of progressive decrease in impedance (and resulting increased VTA) over the beginning of an initial programming session. Okun et al. [42] reported the results of a randomized sham-stimulation controlled (but not blinded) trial of STN DBS using a constant current device in PD, with outcomes on the UPDRS motor score (39 % improvement) comparable with previous randomized controlled trials (25-46 % improvements) [43] [44] [45] [46] . Programming factors were not reported, nor was there a comparison to a voltage-controlled device. Constant current devices are now widely available.
DBS Programming Tools
Present pulse generators offer the possibility of stimulation via one or more contacts (as cathodes) in so-called monopolar mode (internal pulse generators case as return electrode), or bipolar with one (or more electrodes) as cathode or anode. Recent studies have characterized the fields of activation associated with different electrode configurations. Realistic computational modeling studies, examining VTA with realistic anatomical configurations of nuclei and fiber pathways based on DTI (see above), have advanced the understanding of how different electrode activation configurations can influence benefits and adverse effects [12] . These studies show that a priori knowledge of the exact anatomical location and orientation of DBS electrodes can inform a more effective and efficient programming, and have led to software that can aid the clinician in utilizing this knowledge (www.CiceroneDBS.org) [47, 48] . This type of computer analysis might also be used to plan the electrode location and orientation [49] .
Current Steering
Constant current stimulation offers the possibility of "current steering" by independently setting each electrode to different currents, or "multi-source stimulation". Computer modeling studies have shown that this approach can achieve greater activation of target neuron fibers with less activation of offtarget fibers such as the internal capsule [50] . The Vercise® DBS system (Boston Scientific, Natick, MA), which is the first system to offer this capability, has received CE Mark approval in Europe, but no studies of the benefits of this approach in clinical practice are yet available. Carried still further, testing was performed in the non-human primate with a DBS electrode array comprising 16 rows of four disk-shaped contacts facing each cardinal direction, where each contact is individually programmable (Sapiens Steering Brain Stimulation, AE Eindhoven, The Netherlands), to achieve even greater increases in the therapeutic window [51] . "Directionally-segmented" electrodes, a similar approach, were computationally modeled, based on actual DBS electrodes implanted in three patients for essential tremor (ET). The modeling suggested that current-steering would improve benefits and minimize paresthesias in these patients, especially with a misplaced electrode [52] .
Novel Stimulation Waveforms
At present, available implanted pulse generators produce charge-balanced bipolar square-waves pulses with a regular, non-adjustable pattern, with only amplitude, frequency, and pulse width being adjustable. Recent research suggests, however, that alternative patterns might improve effectiveness and/or efficiency. With our collaborators, the effects were compared of four novel, irregular patterns to the standard regular pattern on bradykinesia measured by finger-tapping in awake patients during replacement of the internal pulse generators [53•] . All patterns were 185 Hz overall, but the irregular patterns had unique temporal characteristics. Three of the four irregular patterns suppressed bradykinesia more effectively than did regular stimulation, and the effectiveness of each pattern correlated with its ability to suppress betaband pathological oscillatory activity in a biophysical computational model of STN DBS actions on GPi activity. Another study showed that lower frequency stimulation (80 Hz) in a burst-pattern was as effective on bradykinesia as regular 135 Hz stimulation in the non-human MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) Parkinson model [54] . It remains to be determined if the irregular stimulation patterns are more effective than regular trains on other parkinsonian features, suggested by the magnitude of change on the motor UPDRS predicted by our results (12-15 points) [53•] . Notably, previous attempts to use irregular patterns on tremor (in ET, as well as PD) [55, 56] failed to show benefits, likely owing to pauses that allowed pathological activity to propagate through the network [57] . The effects of varying stimulation patterns will need to be evaluated on each of the features of PD, as well as other movement disorders.
Closed-Loop or Adaptive Stimulation Approaches
Movement disorder symptoms are dynamic, with time scales varying from the sub-second range, as in tremor, to hours or days, as in motor fluctuations in PD. Standard DBS stimulation parameters, however, are adjusted over time scales of weeks (initially) to months, with more frequent parameter adjustments correlating with improved outcomes [47] . Bi-directional brain-machine interfaces, which are capable of "sensing" in addition to stimulation, allow for adaptive or closed-loop feedback control of stimulation parameters in response to ongoing changes in brain state or other physiological or behavioral parameters [58, 59] . This adaptive approach, at least theoretically, may be more effective and more efficient than the standard unidirectional open-loop approach, leading to improved outcomes and less frequent generator changes or recharging. Moreover, adaptive systems may mitigate demands on clinical resources presently required during manual programming.
Rosin et al. [60• •] utilized a closed-loop adaptive algorithm in the African green monkey MPTP model. They recorded single-unit and local field potentials from M1 cortex, and used the detection of an action potential in M1 (the control signal or biomarker) to provoke a train of seven pulses at 130 Hz delivered into GPi. Strikingly, this algorithm was more effective than continuous open-loop GPi DBS in improving movement and correspondingly pathological oscillatory activity, despite an overall frequency of stimulation that was only 30 Hz and highly irregular. A similarly irregular, low frequency pattern in a non-adaptive design was ineffective. The African green monkey model used manifests a great degree of tremor, and the benefits on 'kinesis' derived to a large degree from amelioration of tremor, and correspondingly the oscillatory activity mitigated was in the tremor (4-7 Hz) and "double-tremor" (9-15 Hz) bands, not in the beta range known to be associated with bradykinesia. The utility of closed-loop versus openloop stimulation on other PD features, including kinesis unrelated to tremor, the appropriate control signal(s) for those symptoms, and the relationship to changes in beta oscillatory activity remain to be determined [59] .
The only pulse generators presently approved in the USA or Europe for the treatment of movement disorders are openloop devices. Recently, the RNS (briefly discussed above), a closed-loop device designed for the treatment of partial onset epilepsy, has been shown to decrease seizure frequency in a controlled clinical trial [61] . This cranially-implanted device is capable of acquiring a continuous electrocorticogram (ECoG), which is analyzed in a customizable way in realtime for evidence of seizure activity (e.g., increase in "linelength" of the ECoG tracing), which, in turn, triggers customizable stimulation for the abrogation of seizure activity. Okun et al. [62••] were the first to use this device for a movement disorder, in this case bilateral centromedian stimulation in five patients with Tourette syndrome. The pilot clinical trial did not use a closed-loop approach, as the proper control signal has not yet been identified. Rather, a scheduled stimulation regime (2 s on/2 s off in two patients; 16 s on/120 s off in two patients; and 10 s on/10 s off in one patient) was used, to conserve battery life in the context of a paroxysmal movement disorder and with a device with a limited duty cycle. Statistically significant improvements (although <50 %) were observed in the Yale Global Tic Severity Score from this regime. Perhaps more importantly, the bidirectional capability of the RNS device was capitalized on to collect local field potentials (LFPs) from the centromedian target before and after stimulation, acutely and-for the first time-chronically, in patients with a movement disorder [63] . LFP recordings showed increased power in the gamma range months after the onset of stimulation, the magnitude of which correlated with improvements in the Yale Global Tic Severity Score; decreased theta power was also seen in the two best responders. This paradigm will serve as a model for similar studies in other movement disorders, in particular PD, where pathological beta oscillations inversely correlate with motor performance.
Such studies will be markedly facilitated by the availability for clinical research studies of another bi-directional implantable pulse generator, constructed by modification of the presently approved/marketed ActivaPC™ DBS system (Medtronic) with a novel neural recording and processing subsystem [64] . The new neural interface device offers the capability to record four channels of ECoG/LFP from the implanted leads; contains a three-axis accelerometer for non-neural feedback using motor activity; and provides algorithmic processing and telemetry for data uploading. Various criteria were used in the design, including the ability to record LFPs over a wide range of frequencies and voltages (e.g., 1-μV signals, such as beta oscillations in PD to >100 μV signals during epileptic seizures), as well as not increasing power usage over that required for standard stimulation by more than 10 %. The accelerometer allows quantification of posture, activity, and axial tremor. The system, being made available for research applications in patients, will enable identification of biomarker states that can guide neuromodulation, both as a clinical outcome parameter to guide programming (e.g., decrease in beta power in PD) and, conceivably, in an automated, closedloop application. The bi-directional neural interface system has been used to record μV signals from the non-human primate motor cortex to direct cursor movement on a computer screen in an established brain-machine interface application [64] . Proof-of-principle of an automated closedloop application was shown in a sheep model where sensing of seizure-related activity in a hippocampal electrode was used to shut down stimulation of an anterior thalamic electrode [65, 66••] .
Electrochemical Detection for Closed-loop Neuromodulation
Technology developed over the last few years may enable the sensing of neurotransmitter concentrations for adaptive control of DBS. The Wireless Instantaneous Neurochemical Concentration Sensor uses fast scan cyclic voltammetry and amperometry for nearly real-time (ms) detection of dopamine, serotonin and adenosine, as well as glutamate and other neurotransmitters [67] . Its use has been demonstrated in animal models, and recently in eight patients undergoing Vim DBS to demonstrate increased adenosine concentrations after DBS insertion [68] . Carbon fiber electrodes (~5 μm in diameter) are presently used, but carbon nanofiber nanoelectrode arrays may allow larger regions to be sampled [69] . Clinical applications are still some time away, however.
Advances in Neuroablation
DBS has all but replaced ablative surgery. The epitome of an open-loop approach, neuroablation has, nevertheless, remained a legitimate and effective treatment for PD, ET, and dystonia [70] . Radiofrequency (RF) thermocoagulation is the predominant means for creating lesions at present, but radiosurgical-(gamma ray) induced necrosis-e.g., gamma thalamotomyremains a viable, minimally invasive option for tremor, especially in older patients [71, 72] . However, new technology is becoming available for thermocoagulative surgery. Recently, transcranial MRI-guided focused ultrasound (tMRgFUS, or FUS), using a hemispheric, 1024-element phased array 650-Hz transducer (ExAblate®, Insightec, Haifa, Israel), has been pioneered for the creation of thermal sonication lesions, using MRI thermometry to provide "closed-loop" control of local temperatures [73, 74] . The feasibility of this technology for functional procedures was demonstrated in nine patients who underwent FUS -induced medial thalamotomy (central lateral nucleus) for chronic pain [75] . Safety and effectiveness is insured by the ability, as with RF lesions, to produce subthreshold lower temperature "temporary" lesions in awake patients to assess for effects (therapeutic and adverse). A permanent 3-5 mm sonication lesion is produced by iterative 10-20 s lesions up to a peak temperature of 51-60°C, with temperature control provided by real-time MRI thermometry. As with gamma thalamotomy, the procedure is non-invasive, but, in contrast, the effects are immediate, allowing for more controlled evaluation for benefits and adverse effects (although, at present, the entire head must be shaved for this procedure). A proof-ofconcept report of four patients was recently published, demonstrating 81 % improvement in tremor at 3 months in the treated hand, with one patient experiencing persistent parasthesia in the hand [76••] . A Food and Drugs Administration-approved phase 1 study of FUS for essential tremor is underway, with other trials for PD anticipated (W. J. Elias, personal communication) [74] . As with RF or gamma thalamotomy or pallidotomy, only unilateral lesions will be considered safe with this technique.
Conclusion: What Does the Future Look Like?
MRI technology is only going to improve, as will our understanding of the anatomical appearance of the appropriate targets for DBS. Hence, the need for physiologically characterization of the DBS target-which is essentially a surrogate for the anatomical site-is expected to wane over the next decade. Anatomical targeting will take into account patientspecific variance, including the shape, as well as connectivity, of their DBS target, which will likely be white matter in nature to maximize network effects. The orientation of the implantation will consider the VTA desired, planned ahead of time. Patients will be able to be implanted while asleep, knowing that they will wake up with a confirmed, wellplaced DBS lead, with an even smaller chance for a complication than they face today. Within the next few years, implanted electrodes will offer finer-grained options, from a greater number of smaller contacts in the context of implantable pulse generators that offer flexibility with respect to current steering, to any array of contacts, as well as customizable stimulation patterns. The programming of such a complex system will naturally need to be managed by new software tools available to clinicians to aid in the programming. Indeed, much of this will occur automatically by bi-directional closed-loop generators, which can determine the appropriate electrodes based on the recording of established biomarkers. Clinician burden will be mitigated by downloading this information from the internet in a telemedicine paradigm, as in the RNS device. Many of these changes will improve individual and group outcomes, while decreasing energy demand from the devices, which, in the context of improved batteries and recharging capability, will virtually eliminate the need for frequent pulse generator replacements. The first generation of closed-loop devices are already available for research, including in movement disorders (Medtronic), and will likely be approved by the Food and Drugs Administration in the near future for epilepsy (RNS, NeuroPace). Will all of this be moot, as new medicines, gene-based therapy, cell-based therapy, or optogenetic therapy replace the need for electrical neuromodulation? The time horizon for those advances keeps receding like a mirage. DBS neuromodulation, in our opinion, has a comfortable period remaining to have the stage essentially to itself.
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